Looking ahead ten or twenty years, the urban population will inevitably increase in the Lima Metropolitan Area (LMA) of Peru. Various urban development projects will naturally be implemented in order to accommodate the additional population, and this could increase vulnerability to disasters from earthquakes if no corrective actions are taken. A computer simulation model termed LIMA-UVEQ was developed so that we could forecast the region's vulnerability to earthquake disasters over the next twenty years. Two cases were evaluated: one where some earthquake damage mitigation measures are incorporated with urban development projects and another where no such measures are implemented. With the modeling results, we then try to propose an appropriate policy mix that can be implemented in line with urban growth.
1. Introduction
Background
Similar to other developing countries, Peru is experiencing rapid population growth. Population increases in the Lima Metropolitan Area (LMA) are particularly remarkable, and this has led to the rapid expansion of builtup land in surrounding suburban areas ( Fig. 1 ) [1] . The population in Peru has increased by an average of 2.0% during the last 10 years (Fig. 2) ; as the average natural increase ratio of the nation is 1.611%, the immigration ratio in LMA can be estimated to be 0.389% per year [2] . Since the population of the LMA is about 8.5 million persons as of 2010, it can be projected that the population will grow to 12.6 million persons in 2030 if the same population growth rate continues. This implies that an additional 4 million people will need to be accommodated for in the LMA.
In order for the LMA to accommodate these additional population increments, both public and private sectors will need to implement various urban development projects over the next 20 years. Development that involves deforestation and hillside grading has the potential to increase vulnerability to disasters from earthquakes if no protective measures are incorporated with the development plans [3] .
Objective of the Simulation Model
A computer simulation model -LIMA-UVEQ -was developed so that we could forecast LMA's vulnerability to earthquake disasters over the next twenty years. Two cases were evaluated: one where some earthquake damage mitigation measures are incorporated with urban development projects and another where no such measures are implemented. With the modeling results, we then try to propose an appropriate policy mix that can be implemented in line with urban growth.
Policy Alternatives to be Tested
In general, the following policies represent earthquake damage mitigation measures that should be incorporated with urban development projects: (a) building codes (which may or may not be strictly enforced); (b) protections from landslides; (c) land use regulations for private development (which may include development prohibitions in sensitive areas); (d) construction of coastal embankments. In this modeling exercise, only building codes and land use regulations were taken into account. The parameters used were as follows: The policy alternatives to be tested were formulated by combining these two polices as shown in Table 1 .
Target Indicators
For the simulations, 2010 was used as the base year and computations were executed for the following 20 years. Thus, the target year when the effectiveness of the policies could be evaluated was set at the year 2030. The best policy recommendations were based on the value of target indicators, which represent vulnerability in respective districts. The concept of vulnerability in regards to earthquakes implies potential risk of damage caused by the events, and it may or may not practically appear as damage when an earthquake occurs. Then, it can be principally measured by the number of vulnerable buildings and the population that lives in vulnerable places. Thus, policies can be evaluated by examining to what extent different practices will minimize the indices of vulnerability. 
The indices of vulnerability used in this study were formulated as follows:
A. Earthquake-resistant capacity of structures In this modeling exercise, however, only two target indicators, namely A-a and B, were formulated because of the lack of data availability.
It should also be noted that the model does not take into account some vulnerability factors related to nonstructural measures such as the response capacity of fire and medical services, people's awareness, and so on. Additionally, our model does not consider project costs, even though there will be costs associated with the implementation of the policies identified above. In fact, investments in urban development projects typically must decrease as disaster mitigation expenses increase, given that there is usually only one budget with limited funds to accomplish these tasks. Hence, there could be some unintended consequences such as deteriorations in the urban environment or slow economic growth. These effects were neglected in this study as well.
Comparison of the Simulation Cases
The simulations were based on two scenarios regarding a natural event. One is that an earthquake will occur during the year 2015, and the other is that no earthquakes occur during the 20 year period. The values used to assess the damage caused by an earthquake were as follows [4] :
Earthquake case: EQ(t) = 1 or 0 in year t Human damage = 1%, Evacuation ratio from Lima = 10% Building damage: safe buildings = 0.1% vulnerable buildings = 2% This paper focuses on the comparison of these conditions with regards to the extreme policies in cases P1 and P6, which represent implementation of the best and worst mitigation practices, respectively. These computation cases are shown in Table 2 .
Structure of the Model

Simulation Area and Zone Classification
The simulation area covers the whole area of Lima and the Callao Province, which consist of 43 and 6 districts, respectively. In the model, these 49 districts were integrated into 30 zones for the sake of downsizing the computer operations (Fig. 3 ). Figure 4 shows a block diagram of the model. The basic structure of the model is to allocate the annual demand for residential, industrial, and commercial land over the whole metropolitan area, which will increase with the increasing population size, and to assign the respective 30 zones defined above with attractive indices for each land use. The attractive indices for residential, industrial, and commercial locations are formulated as the product of the valuables on each zone (e.g., available vacant land, accessibility to places for jobs, labor, and markets, desirable land use zoning, maturity of the respective land use, land price, and public services such as schools, hospitals, recreational areas, and so on) as follows:
Model Structure
Attractiveness index for housing locations Attractiveness index for commercial locations
Attractiveness index for industry
MM( j,t) * EASE( j,t) * EPL( j,t)
. (3) Where (i,t): The vacant land was divided into two types: safe land and vulnerable land. This was done so that the number of people living in vulnerable places, which is one of the target indicators, could be computed.
The residential, commercial, and industrial land allocated to each zone was converted into building area for residences, commerce, and industry, respectively.
As to the land for urban infrastructure such as roads and parks, the model computes their progressive improvement endogenously according to the following rule:
Public land (roads and other public facilities).
The same proportion of public land within the existing built-up area can be constructed in newly developed area.
Recreational land (parks, athletic fields, and so on).
The same proportion of recreational land within the existing built-up area can be constructed in the newly developed area.
Data Acquisition
Required Data
The following LMA and district data are required for model computations: f. Accessibility to the city center
Land Use Data Acquisition Procedure
Among the above dataset, land use data are one of the most important elements for the simulation model. In this section, therefore, the procedure for acquiring the land use data is explained in detail.
General Zoning Plan of Lima
In Peru, the Institute Metropolitano de Planificacion (IMP) provides maps of the general zoning plans for Lima and the Callao Province on its website [6] . These maps are primarily drawn based on existing land use, and they can be used for geographical analyses. The authors gathered maps for 43 districts in Lima and 6 districts in the Callao Province. Each map is given as a PDF-formatted file with multi-layers that can be classified into 30 to 40 land use zones depending on the characteristics of each zone.
For example, the residential zone is classified into five types depending on height controls, the commercial zone has three categories depending on its functional centrality, and the industrial zone has six categories depending on its operation size. Since the model deals with just five categories of land use, the zones had to be aggregated. Fig. 5 shows an example of the resulting data from the Miraflores district. 
File Conversion for Analysis
The IMP maps are given by each administrative district (49 districts). The land use data required for the model are, however, based on the 30 zones mentioned above. Therefore, the original PDF files were converted into Photoshop files so that some of the districts could be merged into 30 zones. Fig. 6 shows the entire area of the LMA that was patched by adjusting the scale of each district map into one map. The total area and population size of the aggregated 30 zones are shown in Table 3 .
Land Use Area Calculation by Photoshop
Using the new map, the areas for the original categories of 30-40 land uses were calculated by the "mea- surement feature" function in Photoshop, which utilizes the relationship between the resolution and scale in the provided map. Then, the original categories consisting of 30-40 land uses were aggregated into the 5 land uses mentioned above for the model simulation. Table 1 , the simulation was executed for six policy alternatives under the two conditions that an earthquake occurred in the year 2015 and that no earthquake occurred during the 20 year time period. Thus, 12 simulation cases were computed. In this paper, the results for the four cases shown in Table 2 were analyzed for comparative purposes.
Results
As shown in
Population Increase by Zone
The difference in the population increase by zone in 2030 between the two policies P1 and P6 indicates the extent to which changes will occur during urban expansion. The table in Appendix A.1 shows the all of the results for the four cases presented Table 2 . Specifically, the lefthand side of the table shows the results for the two policies of P1 and P6 in the case where no earthquakes occur during the 20 year period (NEQ).
The 14 central zones of the LMA grew by more than 5,000 persons in the case with no land use regulation policy (P6), whereas the population size increased in 9 suburban zones with a strict control policy (P1). This means that strict land use regulations restrain population growth in the central parts of the LMA and disperse it to the suburban areas. Conversely, the population tends to concentrate in the central part when no land use regulation policy is applied (see Fig. 7) .
The right-hand side of the table shows the results of P1 and P6 in the case where an earthquake occurs in the year 2015. The results are then compared to the case with no earthquakes.
For both policies, populations in the central part of the LMA drastically decrease with an earthquake and extreme increases in six eastern (zones 21-23) and northern (zones 21-23) suburban zones were observed (see broken circles in Fig. 7 ). This implies that new urban areas in these zones will be developed after an earthquake during the reconstruction process.
Vulnerable Building Ratio
The table in Appendix A.2 illustrates how much the vulnerable building ratio changes by zone for the four cases during the 20 year period.
The left-hand side of the table shows the result for the two polices of P1 and P6 when no earthquakes occur.
Successful building code practices (P1) decrease the vulnerable building ratio in all zones, and five zones achieved a decrease of more than 10%. On the contrary, insufficient code practices (P6) will increase the ratio in most zones. In particular, the ratio increases by more than 10% in six districts (see Fig. 8 ).
The right-hand side of the table shows the results for P1 and P6 when an earthquake occurs in the year 2015, and comparisons are made for the two cases with and without an earthquake.
It can roughly be observed that an earthquake accelerates the previous observed tendencies due to the renewal of collapsed buildings, namely, that successful building code practices (P1) decrease the vulnerable building ratio more in the earthquake case than in the no earthquake case. Additionally, with insufficient practices (P6), the ratio worsens by more than 1% in nine suburban zones, as shown by the broken circle in Fig. 8. 
Ratio of People Living in Vulnerable Places
The table of the Appendix A.3 shows the changes in the ratio of people living in vulnerable places for the four cases over the 20 year time period.
The left-hand side of the table shows the results for the two polices of P1 and P6 when no earthquake occurs during the 20 year period (NEQ). As can be seen in this table, all zones with strict land use regulations (P1) restrain people from living in vulnerable places. The changes in zone 27 (refer to Fig. 3 ) are particularly remarkable (names of the zones are presented in the Appendix).
However, where no regulation policy (P6) is applied, 10 zones turn positive, that is, their ratio increases. In particular, five zones (zones 21, 26, 27, 28 and 30, marked with black triangles) show drastic increases in the number of people living in vulnerable places (see Fig. 9 ).
The right-hand side of the table shows the results of P1 and P6 when an earthquake occurs in the year 2015, and comparisons are made for the two cases with and without an earthquake. An earthquake event tends to increase the number of people living in vulnerable areas in almost all districts. This tendency appears to be the most pronounced in the case with no regulation policy, and more than 3% increments were observed in 13 districts (white triangles in Fig. 9 ).
Conclusion
Strict land use regulations (P1) will likely restrain population growth in central parts of the LMA and disperse it to suburban areas. In other words, in order to ensure a safe living environment in the inner built-up areas, strict land use regulations will be necessary. If an earthquake occurs, people will tend to shift to six eastern and northern suburban zones. Since development activities in two zones (= districts), namely 22 (Pachacamac) and 26 (Carrabelle), appear to be particularly remarkable, proper development guidance by the local governments should be made available in these areas to avoid environmental deterioration and the generation of newly vulnerable places.
The findings from this study show that successful building code practices (P1) are an effective way to decrease the vulnerable building ratio, particularly in districts where the population will rapidly increase. It should be carefully noted that insufficient implementation of building codes (P6) will accelerate increases in the vulnerable building ratio after an earthquake, particularly in nine suburban zones. Thus, in these zones, a monitoring system for building construction should be introduced after an earthquake in order to avoid illegal construction.
Additionally, our findings show that strict land use regulations (P1) can be very effective for reducing the number of people living in vulnerable places. The most remarkable effects were seen in zones 27 (Ancon), 28 (Punta Hermosa), and 26 (Carabayllo). An earthquake tends to increase the number of people living in vulnerable places in all districts, and the situation becomes much more severe under a no regulation policy.
In conclusion, this model provides very useful planning information for the LMA, and the process used here may be valuable for other earthquake prone regions. A more complex model can be built as more data on other social and environmental factors become available.
